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Abstract
Zinc coatings were prepared by mechanical plating method. OM and SEM equipped with EDS was utilized to observe and
analyze the structure and bonding state of the interface between the coating and the substrate. XRD was employed to analyze the
phase composition of the coating/substrate interface. The research result shows that a distinct boundary exists in the interface of
the coating/substrate. No solid solutions or compounds and other alloy phases are available in the coating/substrate interface. A
small amount of tin is contained between the coating and the substrate. The predominant bonding mechanism in the
coating/substrate interface is mechanical keying.
© 2013 The Authors. Published by Elsevier B.V.
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1. Introduction
The bonding strength between the coating and the substrate constitutes an important indicator to measure the
service performance of the coating system. The mechanism for the bonding between the coating and the substrate
interface has all along been an critical foundation of theoretical research on surface engineering; the difference in
coating preparation process has determined the diversified bonding forms of bonding between the coating and the
substrate, such as metallurgical bonding, diffusion bond, epitaxial growth, chemical bonding, molecular bonding and
mechanical bonding etc. (Su and Zhang, 2004).
Mechanical plating refers to the formation of metallic coating by making use of the congregation and dispersion
of metal powder under a plating solution surrounding and the absorption and deposition of the substrate surface
under the impacting and frictional effect of impact media (Liu and He, 2000; Brooks, 1983; Lester, 1987). The
mechanical plating is implemented under the room temperature, no liquid metal crystallization process is available
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with the coating forming, which occurs during the hot-dip galvanizing, therefore, it will not suffer from melting loss
or oxidation usually occurs during the hot spraying process. It differs from the electrolytic deposition and
crystallization process of electroplating, so it needs neither expensive equipment like cold spraying nor subsequent
treatment of thermal diffusion or sintering in powder rolling process. For this reason, the mechanical plating has
achieved witnessed rapid development over the past years. It is especially suitable for preparation of metal protective
layer of small-size steel workpiece surface. However, the research on layer-forming theory and coating structure
theory lags far behind that on technological application. The study on coating bonding mechanism is particularly
much less. Even in the last five decades, the bonding mechanism of coating was explained by “cold welding”. The
term “cold welding” is a general concept with a variety of hypothesis (HIJKILMNOIP and QRSTUIR, 1986), which
cannot interpret the bonding mechanism between the coating and the substrate in a reasonable way. In the opinion of
He Mingyi (He et al., 2006), the process of mechanical plating is to make metal powder to form a loose layer firstly
by external force under low temperature (lower than metallic particle melting point) or room temperature, followed
by densification and form a dense layer finally. During the process, no high-temperature metallurgical crystallization
or electrolytic deposition crystallization occurs, so the formation of coating belongs to a non-crystallization process.
The emphasis of such interpretation is placed on the formation process of the coating rather than the bonding
between the coating and the substrate. Given the above circumstances, this paper would like to study the bonding
between the coating and the substrate by using spherical zinc particles as raw material, preparing zinc coating on the
steel substrate surface with mechanical plating method by means of OM (optical microscope), SEM (scanning
electron microscope) and XRD (X-Ray diffraction) in a bid to promote the development of mechanical plating
theory.
2. Experimental procedure
2.1. Sample preparation
The samples are metric washers of 20 mm diameter. The substrate materials used in these experiments were
commercial carbon steel (similar to AISI–SAE 1020). The coating preparation adopts less tin salt deposition process
(Liu and He, 2000) and the galvanizing equipment chooses JDX-60 type mechanical galvanizing machine developed
by Kunming University of Science and Technology. The technical process is: put the washers after pre-treatment
(degreasing, descaling) into a rotary cylinder, fill in water and impact media (glass beads) to form a fluid
environment with bumping and rubbing effect. Add spherical zinc particles and activating agent to form a coating on
the washers surface under the combined effect of agent and mechanical collision. The flowsheet of galvanization is:
heating and degreasing (by box-type resistance furnace) Z acid pickling(for descaling) Z feeding (water, glass
bead and washers)Z adjusting of pH valueZ building of substrate (addition of zinc powder and inorganic tin salt)
Z addition of retentive activating agent Z thickening of coating layer (filling in zinc powder and depository
activating agent circularly) Z water polishing Z discharging Z drying (by resistance furnace at temperature of
100).
In this process, the glass beads, served as impact media and were in a variety of sizes ranging from 1.5 mm to 5
mm. They were supplied by diverse markets.
The coating cross-sections for microstructure observation was embedded using the cementum and coagulator,
which are used in dentistry. The samples were polished and etched by the solution (4 % HNO3 and rest alcohol).
2.2. Test method
Observe and analyze the bonding state between the coating and the substrate by Leica LMD metalloscope and
XL3000D scanning electronic microscope. Meanwhile, find out the distribution of elements of the coating/substrate
interface by energy spectrometer provided for XL3000D scanning electronic microscope.
Identify the phase composition of the interface between the coating and the substrate by D/MAX-RC type X-ray
diffractometer (CuK\ target, tube voltage 40 kV, tube current 80mA, graphite monochromator) and judge if alloy
phase is available on the point of bonding between the coating and the substrate
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3. Result and discussion
3.1. The microstructure of coating/substrate interface
By observing the coating/substrate interface via SEM, the polished and etched sample shows a physical bonding
between the coating and the substrate. The coating is mainly made up of metal zinc particles which are in close
contact with each other within the coating, but a little clearance exists inside. Between the coating and the substrate,
a distinct interface can be found. The larger zinc powder particles in the interface occur with obvious plastic
deformation from the initial spheroid to ellipsoid or strip. No fresh structural products appear in the interface (See
Fig. 1, the upper is coating and the lower is substrate).
Given marked difference in physical and chemical properties with the materials for coating (zinc) and substrate
(steel), for the purpose to reduce the adverse impact of metallographic sample on the coating/substrate interface, the
sample is ground by metallographic sandpaper and operated with weak chemical etching directly but without
polishing so as to observe the micro-structural features of coating/interface. As shown in Fig. 2 (the upper is coating
and the lower is substrate), a distinct interface exists between the coating and the substrate. No transition layers such
as diffusion layer, alloyed layer and other alloy phase structural layers have been found.
The preparation process of coating cross-section is: Firstly, hold the plated part in the bench vice and cut with
hand saw. Stop cutting at the point close to the coating/substrate, put the sample into the liquid nitrogen storage tank
for about 30 minutes, then take out the sample and break off rapidly to get cross-section sample. During the
preparation process of the sample, the adoption of external force for mechanical breaking-off will produce certain
impact upon the bonding between the coating and the substrate to some extent, therefore, consideration shall be
given to the micro-structural state on both sides of coating/substrate bonding. Fig. 3 shows the SEM image of
coating/substrate bonding interface under low magnification. The clear boundary between the coating and the
substrate indicates the bonding of the coating/substrate is a physical one; the partial separation between the coating
and the substrate is attributable to the external mechanical force during the sample preparation. After stripping, the
SEM observation of one side of the coating shows that the zinc powder particles are in irregularly intersected state
and a part of zinc powder reaches up to the substrate side; meanwhile, some pores are available on the coating layer
(see Fig. 4). Through observation by SEM, the side of the stripped substrate is not smooth and flat but in undulated
state (see Fig. 5). A specific amount of zinc powder grain clusters are stained in some points (see Fig. 6), in which
some zinc powder particles extend to the side of coating. This is just the reason that some pores have been found on
the side of coating. The observation under higher magnification shows that the partial bonding between the coating
and the substrate has pulpy matter connected between the zinc powder and the substrate (see Fig. 7). By analyzing
with energy spectrometer equipped with SEM, the main elements in the pulpy matter are tin and zinc, with higher
content of zinc. It illuminates that the metallic tin generated in the reaction from the small amount of tin salt added
during the mechanical plating has been distributed in the coating/substrate interface and tin distributed in pulpy form
is helpful to improve the bonding strength between the coating and the substrate.
Fig. 1. SEM image of the coating/substrate interface
(polished and etched)
Fig. 2. The metallographic structure of the coating/substrate
interface (etched without polishing)
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Fig. 7. Pulpy matter in the junction of the coating/substrate
As for intact bonding of the coating/substrate in the coating cross-section, the SEM observation shows an obvious
boundary between the coating and the substrate existing, which is a mechanical bonding basically. As the substrate
surface is in an unevenly undulated status(see Fig. 8-a), the deposited zinc coatings are keyed together with the
substrate in the interface, the interface bonding is in mechanical keying (see Fig. 8-b).
Fig. 3. SEM image of cross-section of the coating/substrate
interface under low magnification
Fig. 4. Morphology on the side
of the cross-section coating
Fig. 5. Morphology on the side of the cross-
section.
Fig. 6. Zinc powder stained on the substrate
surface of the cross-section
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Fig. 8. SEM image of cross-section of the coating
3.2. The chemical composition of coating/substrate interface
Fig. 9 shows the energy spectrum scanning result of coating cross-section. The coating layer mainly contains
such three elements as zinc, tin and iron, in which zinc comes from the zinc powder during the galvanization while
the tin stems from the metallic tin arisen from replacement reaction of added tin salt with zinc powder and substrate
(steel). The iron content shown in the figure includes the iron in the substrate and a little iron salt in the depository
activating agent during the galvanizing. Seeing from the Fig. 9, the zinc content in the interface rises sharply from
low percent (less than 5%) to over 90%; the iron content drops sharply from over 90% to below 5%; the tin content
in the interface is quite low (below 5%). Only the tin content in the coating/substrate interface rises sharply to 10
20. Judging from the sharp change of zinc and iron contents in the interface, no Zn-Fe diffusion, alloyed and
other transition layers are available in the coating/substrate interface. The bonding between the coating at the
interface and the substrate is in physical contact. Similarly, the sharp change of zinc, iron and tin contents at the
interface supports the opinion that no diffusion, alloyed and other transition layers are existent among zinc, iron and
tin. The contact between the interface coating and the substrate is in physical contact, but a small amount of tin has
been distributed.
Fig. 9. Distribution of element in the coating/substrate
Fig. 10 shows the XRD spectrum, in which the coating is made up of elemental metallic zinc and contains a small
amount of elemental metallic tin. No compounds are available in both the coating and the coating/substrate interface.
The elemental zinc is mostly sourced from metallic zinc particles; the metallic tin mainly comes from the products
of replacement reaction during the seed coating forming process. The diffraction sample shown in Fig. 10 has low
tin content, which may lead to comparatively large test error (Younesi et al., 2006), and consequently increase the
tin content artificially to three times of the diffraction sample as shown in Fig. 10 and analyze if there is any
compound phase generated in the coating. The diffraction result is as shown in Fig. 11. Judging from Fig. 11, the
a b
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layer is composed of elemental zinc, tin and iron. Despite the significant increase of tin content in the coating layer,
no alloy phase exists in the coating and no Zn-Sn, Zn-Fe, Fe-Sn and other compounds are available in the interface.
The mechanical deposition of the coating is implemented under room temperature within a short deposition time
(2050min), thus two conditions, i.e. sufficient temperature and adequate time, are not satisfied between Zn-Fe and
Fe-Sn at the coating/substrate interface, let alone the condition for mechanical energy aided diffusion (Chen and Sun,
2004; Han et al., 2004); the phase diagram analysis also shows little or none solid solution exists between Zn-Fe and
Fe-Sn under room temperature, therefore, it is impossible to have solid solution between Zn-Fe and Fe-Sn. As for
Zn-Sn binary alloy, the ratio of atomic radius for the two components rZn/rSn is equal to 0.94, which favors the
generation of solid solution; the slight difference of the electronegativity (1.8 for tin, 1.6 for zinc) is also conducive
to yielding solid solution. However, the great difference of crystal structure (close-packed hexagonal structure for
tin, body centered tetragonal structure for zinc) makes it difficult to form substitutional solid solution; combining the
aforesaid diffraction result, it can be concluded that no Zn-Sn solid solution is existent in the coating/substrate
interface. By analyzing Fe-Sn and Zn-Fe binary alloy phase diagram, we found that the compounds such as FeSn,
FeSn2, Fe3Zn10, Fe5Zn21, FeZn8 and FeZn13 can exist under room temperature, but they are all products of group
components under high temperature; the mechanical galvanizing layer is the deposition of zinc particles under room
temperature, so it is impossible for the above compounds existing in the coating/substrate interface.
4. Conclusions
A clear boundary exists between the mechanical zinc coating and the substrate, which belongs to a physical
bonding; no solid solution, compound and other alloy phases are existent on the bonding boundary. The
coating/substrate interface contains a small amount of tin, after the coating deposition of metallic zinc powder on the
substrate surface; it takes a mechanical keying bonding with the substrate.
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